Abstract
Introduction
Multiple myeloma (MM), a neoplasm of plasma cells, is characterized by complex chromosomal abnormalities, including structural and numerical rearrangements. 1, 2 The cytogenetic abnormalities (CA) that are a hallmark of MM and other cancers are commonly used as clinical parameters for determining disease stage and guiding therapy decisions for patients. 3, 4 2 metaphase karyotyping, and the recently developed array-based comparative genomic hybridization (aCGH), are widely used to detect chromosomal aberrations and gene copynumber changes. These methods, however, are expensive or time-consuming, or both. We describe here a virtual CA (vCA) model that uses gene expression profiling (GEP) to predict CA.
The rationale for the model is that disease-associated alterations of genomic regions should, in some way, alter ("drive") expression levels of target genes within the regions or nearby;
otherwise, the genomic alterations would not contribute to the disease. Therefore, we thought it reasonable to hypothesize that the driving alterations should be predictable via the alteration of expression levels of the genomic region's target genes. We provide proof of concept that GEP offers a superior data source for molecular diagnosis and/or prognosis.
Methods

Study subjects
Bone marrow aspirates were obtained from patients newly diagnosed with multiple myeloma (MM), who were subsequently treated on NIH-sponsored clinical trials. Patients provided samples under Institutional Review Board-approved informed consent in accordance with the Declaration of Helsinki, and records are kept on file. Myeloma plasma cells were isolated from heparinized bone marrow aspirates with an autoMACS device (Miltenyi Biotec, Inc., Auburn, CA) using CD138-based immunomagnetic bead selection, as previously described.
5
DNA isolation and array-based comparative genomic hybridization (aCGH)
High-molecular-weight genomic DNA was isolated from aliquots of CD138-enriched plasma cells with the use of the QIAamp DNA mini kit (Qiagen, Valencia, CA). Tumor-and sex- 
Interphase fluorescence in situ hybridization
Bone marrow aspirates from patients with MM were first subjected to Ficoll-Hypaque gradient-centrifugation separation to remove erythrocytes. Copy-number changes in myeloma plasma cells were detected by triple-color interphase FISH analysis of chromosome loci, as previously described. 6 Bacterial artificial chromosome (BAC) clones specific for 1q21 (CKS1B), 
RNA purification and microarray hybridization
RNA purification, cDNA synthesis, cRNA preparation, and hybridization to the Human Genome U133Plus 2.0 GeneChip microarray (Affymetrix, Santa Clara, CA) were performed as previously described.
8-10
Data analyses
A modified Lowess algorithm was used to normalize aCGH data. 11 Statistically, altered regions were identified with the use of a circular binary segmentation algorithm. 12 The MAS5
algorithm was used to summarize and normalize Affymetrix U133Plus2.0 expression data.
DNA copy number-sensitive genes were determined by the following procedures. First, Pearson's correlation coefficient (PCC) of gene expression levels and the copy numbers of the corresponding DNA loci were calculated. Second, the column labels of both gene expression levels and the DNA loci copy numbers were permuted, and the random correlation coefficients were calculated for each gene based on the permuted matrices. Third, the cutoff value of PCC was then determined at 0.35 so that the false-discovery rate (FDR) was For
org From
The aCGH and gene expression data generated on the 115 cases described here can be downloaded from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) Website under the accession number GSE29023.
Results and discussion
We determined genome-wide gene expression profiles and DNA copy numbers (CNs) in purified plasma cell samples obtained from 92 newly diagnosed MM patients, using the Affymetrix GeneChip and the Agilent aCGH platforms, respectively. The details of the study subjects, procedures, and data analyses are provided in the methods section. DNA CN-sensitive genes were determined by Pearson's correlation coefficient (PCC) of gene expression levels and the copy numbers of the corresponding DNA loci. Applying the criterion of PCC >0.35, which kept the false-discovery rate to ≤ 5%, we identified 1,114 CN-sensitive genes (supplemental Table 1 ).
On the basis of these CN-sensitive genes, we developed a vCA model for predicting CA in MM patients by means of GEP. The model focuses particularly on the uneven chromosomes, as well as the 1p, 1q, and 6q segments, which are the most commonly altered chromosome regions in myeloma plasma cells.
The reference CA (rCA) of a given chromosome region were determined by the mean values of signals of aCGH probes located in that region. We set the cutoff values at 0.45 for amplification and -0.45 for deletion, as there were only 1% greater than 0.45 on the basis of the absolute signals of probes located in chromosomes 2, 4, 10, and 12, which are the most stable The predicted CA (pCA) of a given chromosome region were determined by the following procedures. First, we calculated the mean expression levels of CN-sensitive genes within the region. Then, by training the model in a GEP data set with 92 MM samples, we set the cutoff value of the mean expression levels of CN-sensitive genes for each chromosome region in order to obtain pCA that were most consistent with rCA in terms of the Matthews correlation coefficient, 13 a measure of the quality of binary (two-class) classifications.
The mean prediction accuracy was 0.88 (0.59-0.99; Table 1 and supplemental Table 2 ) when the model was applied to the training data set. To check for overfitting in the vCA model, we applied the model to an independent data set of 23 MM samples for which both GEP and aCGH data were available. The mean prediction accuracy was 0.89 (0.74-1.00; Table 1 and   supplemental Table 3 ), which indicated that overfitting was negligible if present at all.
We validated the model with a FISH data set compiled from 262 independent MM samples for which both FISH records and GEP data were available. All 262 MM samples had been tested with 1p (AHCYL1) and 1q (CKS1B) probes. Of these samples, 195 had also been tested with chromosome 13 probes (D13S31 and D13S285). The cutoff value was set at 2.5 for amplification of 1q and at 1.5 for deletion of 1p and chr13, according to the distribution of the FISH signals (supplemental Figure 1) . Applying the vCA model to the GEP data, we determined pCA for the 262 samples. The pCA results were well matched with the FISH reports. The mean prediction accuracy was 0.87 (0.82-0.90; Table 1 and supplemental Table 4 ).
In a further validation of the vCA model, we compiled a set of cytogenetic data generated by conventional metaphase karyotyping that included 533 independent MM samples for which both
karyotype records and GEP data were available. Applying the vCA model to the GEP data, we determined the pCA for the 533 samples. The pCA results were matched to the karyotype reports with a mean prediction accuracy of 0.65 (0.36-0.77; Table 1 and supplemental Table 5 ). The consistency of the matching was lower than those of pCA vs. aCGH and pCA vs. FISH. This prediction underperformance may be due to the fact that karyotyping is limited by the low proliferation rate of terminally differentiated plasma cells in vitro and also by only detecting the cytogenetic information for cells at metaphase, thus missing a considerable amount of information regarding the copy number of DNA in a tumor cell population. We hypothesize that FISH reports would also not match karyotype records well. To test this hypothesis, we compared the FISH and karyotype data for the 262 samples for which both records were available. Indeed, the prediction accuracies between FISH and karyotype records for chr1q21, chr1p13, and chr13 were 0.76, 0.83, and 0.60, respectively (supplemental Table 6 ), which were similar to the prediction accuracies between pCA and karyotype (0.72, 0.75, and 0.64, respectively; supplemental Table 5 ).
The vCA method does not effectively predict chr17p deletion. Our aCGH data (Supplemental Figure 2 ) demonstrated that TP53 is the most common locus deleted in patients with del17p.
Although TP53 is a copy number sensitive gene, its expression is also controlled by mutations, resulting in a wide range of expression levels even in patients with 2 copies of the gene, hence a low predictive power (supplemental figure 3) . The frequency of TP53 gene deletion detected by FISH in MM patients is about 10%, 14, 15 and 7% in our aCGH data. Nevertheless, the frequency of TP53 mutations in MM detected by whole-genome sequencing is around 8%. 16 Therefore, patients without chr17p deletion can have very low TP53 expression (Supplemental Figure 3) . Since the main merit of FISH for chr17p is detection of TP53 levels, the TP53 expression level from GEP is the relevant prognostic parameter.
We previously reported that GEP predicts chromosome translocations. 5 , 8 Here we demonstrate that GEP can predict other chromosomal abnormalities, providing proof of concept that GEP yields most of the relevant prognostic information obtained through traditional karyotyping methods and aCGH. In spite of its inability to always accurately distinguish changes in gene expression resulting from deletions, amplifications, or mutations, analysis of GEP data alone offers a superiors prognostic tool for MM, and potentially other malignancies. 
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